By applying a coverage-based read selection and filtration through a healthy plant dataset, and a post-assembly contig selection based on homology and linkage, genome sequence drafts were obtained for four phytoplasma strains belonging to the 16SrIII group (X disease clade), namely Vaccinium Witches' Broom phytoplasma (647 754 nt in 272 contigs), Italian Clover Phyllody phytoplasma strain MA (597 245 nt in 197 contigs), Poinsettia branch-inducing phytoplasma strain JR1 (631 440 nt in 185 contigs) and Milkweed Yellows phytoplasma (583 806 nt in 158 contigs). Despite assignment to different 16SrIII subgroups, the genomes of the four strains were similar, comprising a highly conserved core (92-98 % similar in their nucleotide sequence among each other over alignments about 500 kb in length) and a minor strain-specific component. As far as their protein complement was concerned, they did not differ significantly in their basic metabolism potential from the genomes of other wide-host-range phytoplasmas sequenced previously, but were distinct from strains of other species, as well as among each other, in genes encoding functions conceivably related to interactions with the host, such as membrane trafficking components, proteases, DNA methylases, effectors and several hypothetical proteins of unknown function, some of which are likely secreted through the Sec-dependent secretion system. The four genomes displayed a group of genes encoding hypothetical proteins with high similarity to a central domain of IcmE/DotG, a core component of the type IVB secretion system of Gramnegative Legionella spp. Conversely, genes encoding functional GroES/GroEL chaperones were not detected in any of the four drafts. The results also indicated the significant role of horizontal gene transfer among different 'Candidatus Phytoplasma' species in shaping phytoplasma genomes and promoting their diversity.
INTRODUCTION
The phytoplasmas are wall-less non-helical prokaryotes colonizing plant phloem and insects that are known to cause hundreds of diverse plant diseases, some of which are of great economic concern (Gasparich, 2010) . Evidence has shown that they represent a monophyletic branch of the class Mollicutes, and the genus 'Candidatus Phytoplasma' has been proposed to accommodate them (IRPCM Phytoplasma/Spiroplasma Working Team -Phytoplasma taxonomy group, 2004; Firrao et al., 2005) . Phylogenetic analyses of several genes have allowed subdivision on the basis of 16S rRNA gene sequences into 19-30 (depending on the method used) so-called 16Sr groups of strains (Lee et al., 2000; Wei et al., 2007) . One of the most populous, economically important and widely spread groups is named 16SrIII: it encompasses strains that infect many different plants and insects and which differ greatly in their geographical origin, plant host/insect vector relations, and symptoms induced (Gundersen et al., 1996) . Based on RFLP analysis of 16S rRNA gene fragments, several subgroups have been delineated within the 16SrIII group (Zhao et al., 2009) , each subgroup consisting of strains that share identical or nearly identical RFLP patterns.
Despite the fact that phytoplasmas cannot be cultivated in vitro, the development of laborious techniques for the separation of phytoplasma DNA from that of their host plant (Cimerman et al., 2006; Firrao et al., 1996a; GarciaChapa et al., 2004; Kollar & Seemüller, 1989; Tran-Nguyen & Gibb, 2007) has opened access to the physical organization and more recently the sequence of their genomes. To date, four phytoplasma complete genome sequences have been released, namely those belonging to two 'Ca. P. asteris' strains, Onion Yellows phytoplasma (OYp) (Oshima et al., 2004) and Aster Yellows Witches' Broom phytoplasma (AYWBp) (Bai et al., 2006) , to strain AT of 'Ca. P. mali' (Kube et al., 2008) and to one strain of 'Ca. P. australiense' (Tran-Nguyen et al., 2008) ; genomic surveys have also been published for several phytoplasmas (Kawar et al., 2010; Liefting & Kirkpatrick, 2003; Cimerman et al., 2006; GarciaChapa et al., 2004) . Based on these studies, progress has recently been made in our understanding of the physiology of the phytoplasmas, such as the identification of the missing essential pathways that prevent their in vitro cultivation (Oshima et al., 2004) , and their pathogenicity, through the identification of effectors (Bai et al., 2009; Hoshi et al., 2009; MacLean et al., 2011; Sugio et al., 2011) .
So far, large-scale phytoplasma genomics has been limited by the difficulties in preparing phytoplasma DNA in the amount and purity required for Sanger sequencing. Here we show that recent extension of the reading capability of the sequencing by synthesis technology (Illumina) has introduced the potential for producing enough data to perform a de novo assembly of phytoplasma genomes without purification, paving the way for extensive genomic analysis of these fastidious pathogens.
METHODS
Strains. Four phytoplasmas were chosen based on their different geographical origin, different restriction pattern of the 16S rRNA gene, and different symptoms displayed. Two strains are believed to be closely related and belong to the 16SrIII-F subgroup. According to Valiunas et al. (2007) , 16SrIII-F phytoplasmas have been found in four plant species (Vaccinium myrtillus, Vaccinium corymbosum, Heracleum sosnowski and Dictamnus albus) in northern Europe, while Asclepias syriaca in North America is the only known host elsewhere. In this study we included the Vaccinium Witches' Broom phytoplasma (VACp, 16SrIII-F), a 40-year-old European strain isolated from Vaccinium myrtillus by R. Marwitz, that on periwinkle shows symptoms of dwarfism, strong witches' broom with very small leaves, small flowers but not typical virescence or phyllody; and the Milkweed Yellows phytoplasma (MW1p, 16SrIII-F), isolated in the USA from Asclepias syriaca (Griffiths et al., 1994) , that in periwinkle induces severe decline, and small leaves and flowers. In addition, we included a strain of Italian Clover Phyllody phytoplasma (MA1p, 16SrIII-B) isolated in the early 1990s in Italy from Chrysanthemum leuchantemum by Dr L. Carraro (Carraro et al., 1991; Firrao et al., 1996b; Osler et al., 1994) ; this strain belongs to subgroup 16SrIII-B and colonizes periwinkle to high titre, producing strong symptoms of virescence and phyllody, but with minor reductions of plant and leaf size. Finally, the Poinsettia branch-inducing phytoplasma strain JR15PoiBII (JR1p, 16SrIII-H), isolated from Euphorbia pulcherrima in the USA by Dr Ing-Ming Lee (Molecular Plant Pathology Laboratory, ARS-USDA, Beltsville, MA), was included. JR1-infected periwinkles show limited reduction in size; the main symptoms are yellowing, virescence and phyllody, witches' broom and reduced leaf size. The symptoms are summarized in Table 1 and infected plants are shown in comparison with a healthy control in Fig. 1 .
Nucleic acid extraction. Nucleic acids were extracted from 1.5-2 g of periwinkle midribs using the routinely used CTAB (cetrimonium bromide) method with phytoplasma enrichment by differential centrifugation (Ahrens & Seemuller, 1992) .
Real-time PCR. Quantification of enriched phytoplasma DNAs was achieved by SYBR Green I real-time PCR using phytoplasma universal primers designed for conserved portions of the 16S rRNA gene, 16S(RT)F1/16S(RT)R1 (59-TTC GGC AAT GGA GGA AAC T-39)/ (59-GTT AGC CGG GGC TTA TTC AT-39) amplifying a fragment 138 bp long.
For quantification of the phytoplasmas, a standard curve was established by diluting a plasmid containing the 16S rRNA gene with Flavescence dorée (FD) phytoplasma. Serial dilutions (1 : 10) of the plasmid starting from 1 ng ml 21 to 1 fg ml 21 were prepared in 20 ng ml 21 of total DNA from healthy periwinkle. Illumina sequencing. A total of 10 mg DNA from each sample was fragmented by incubation for 70 min with 5 ml dsDNA Fragmentase (New England Biolabs). The following steps in library preparation were carried out as described previously (Marcelletti et al., 2011) . The samples were run on an Illumina Genome Analyzer IIx that provided paired reads of 100 nt in length, at the Istituto di Genomica Applicata (Udine, Italy).
Computer-assisted data analysis. Most of the computer analysis was carried out with custom scripts run on a laptop computer equipped with 8 GB RAM and Linux OS. For simulation analysis of the assembly of Illumina reads, a PERL script was developed that generated simulated random Illumina reads from the complete genome sequence of AYWBp (NCBI accession no. NC_007716), introducing nucleotide read errors and varying the distance among pairs to approximate a real scenario. The simulated reads were then mixed with real Illumina reads obtained from DNA extracts of healthy periwinkle. For the simulation presented here, a mixed dataset of 4 141 920 reads 100 nt long with 5 % phytoplasma reads and 95 % healthy periwinkle reads was used; this dataset contained 20 709 600 nt from the AYWBp genome, corresponding to 256 coverage.
For final assemblies of the simulated dataset and the real data a procedure based on a few BASH and PERL scripts was developed that:
(1) Runs VELVET (Zerbino & Birney, 2008) , with a wordsize525 to create a table of coverages.
(2) Sorts the contigs, excluding those with a coverage value lower than a cut-off value (3-9, determined on the basis of the total reads count and percentage of phytoplasma DNA in the sample as estimated by quantitative PCR).
(3) Sorts the contigs again, excluding those that show a perfect match (.98 nt) with at least one read obtained from the Illumina sequencing of a healthy periwinkle. The healthy periwinkle dataset used for this step is available at the NCBI Short Reads Archive under accession number SRS356159.
(4) Rescues the Illumina reads that were used by VELVET for assembly of the contigs selected and their pairs to create a new dataset.
(5) Runs the CLC Genomic workbench (CLC bio) for de novo assembly.
(6) Sorts the contigs according to their sequence similarity to known phytoplasma sequences or the presence of ends overlapping with a previously assigned contig.
The assemblies were deposited at DDBJ/EMBL/GenBank under accession numbers AKIK01000000, AKIL01000000, AKIM01000000 and AKIN01000000. Contig sequences were scanned for ORFs via GLIMMER version 3.02 (Delcher et al., 2007) , which had been previously trained on ORFs of the complete coding sequences of other phytoplasmas and then trained with the ORFs of the draft genomes identified in the first run. The putative proteins were annotated against the NCBI Ref_Seq database using a PERL script for recursive BLASTP (Altschul et al., 1990; Camacho et al., 2009 ) searches against the entire GenBank database. Additional genome sequence analysis was performed with the aid of the software packages MUMMER (Kurtz et al., 2004) , for DNA-based comparison, and BWA (Li & Durbin, 2009 ), for mapping of Illumina reads.
Comparative genome analysis was carried out by comparing the draft genome sequences with the complete genomes of AYWBp, OYp (NCBI Ref_Seq accession no. NC_005303), 'Ca. P. mali' strain AT (APp; NCBI Ref_Seq accession no. NC_011047) and 'Ca. P. australiense' (AUp; NCBI Ref_Seq no. accession NC_010544). To cope with the exceptionally extensive gene duplication that occurs in all phytoplasmas, Tran-Nguyen et al. (2008) introduced the concept of 'paralogue family' to refer to highly similar gene sequences spread along the genome that presumably originated from duplication. In the analysis with multiple genomes, this peculiar feature of the phytoplasma genome hampers the identification of pairs of orthologues. To facilitate comparative analysis a script was developed that grouped the paralogues of each genome with their orthologues in the other genomes. Below, each of these clusters is referred to as a 'homologue gene family', while the individual members of a cluster are named 'gene fragments', although they may include complete as well as incomplete genes. Families were established based on a modification of the reciprocal smallest distance algorithm (Poptsova & Gogarten, 2007; Wall et al., 2003) after establishment by reciprocal best BLAST hits, and were evaluated using alignments generated with MAFFT (Katoh et al., 2005) and CLUSTAL W2 (Larkin et al., 2007) ; families that did not pass a quality check (i.e. with a mean ,0.7 or a standard deviation ,0.05 in identity values calculated between all pairs of predicted proteins) were revised manually and eventually split.
All families that did not include at least one gene fragment for each draft (incomplete families) were examined to determine whether the missing members were actually not encoded in the corresponding genome. In fact, genes may not be included in the drafts because their sequence was missing in the assembly or was overlooked in the gene discovery procedure carried out via GLIMMER. First, using BWA (Li & Durbin, 2009) , the entire read dataset of each strain was mapped on the ORFs identified in the genome draft of the strain itself (target strain) and, additionally, on the ORFs identified in the genome drafts of the other three strains (probe strains), a process referred to below as crossmapping. Homologue gene families were then scanned to identify incomplete families where no member was discovered for the target strains. For each incomplete family detected, the reads of the target strain dataset that crossmapped on the ORFs of the probe strains and did not map on other ORFs of the target strain genome draft were collected and aligned. Alignment consensus sequences were used as a seed for extension by MAPSEMBLER (Peterlongo & Chikhi, 2012) .
Crossmapping was also used to assess the completeness of the protein complement deduced for each strain. Reads maps and crossmaps were compared in pairs using EPICENTER (Huang et al., 2011) under the null hypothesis that the ORFs identified by GLIMMER in the probe strains were also present in the dataset used for crossmapping. The program EPICENTER provided an estimation of the P value of the z-test for the null hypothesis. From the figures for genes predicted by GLIMMER, the genes that were rescued from the reads dataset and the genes that were assessed as missing by EPICENTER (with P,0.001), the number of homologue gene families remaining not discovered was estimated as described in Supplementary File 1 (available with the online version of this paper).
Pairwise global alignments and similarity calculations for the detection of horizontally transferred genes were carried out with CLUSTAL W2.
Hypothetically secreted proteins were identified as described by Bai et al. (2009) .
RESULTS

Simulation analysis
Before attempting to reconstruct phytoplasma genome sequence from periwinkle DNA-contaminated samples by second-generation sequencing, an ad hoc assembly strategy was developed and evaluated on a simulated dataset built by mixing computer-generated phytoplasma reads with real Illumina plant reads. The assembly method developed exploits the fact that host and pathogen chromosomes are covered to a different extent in the dataset: while the phytoplasma genomes range from 500 kbp to 1.3 Mbp, the periwinkle genome size has been estimated to be 696 Mbp (Galbraith et al., 1983) and 2000 Mbp (Zonneveld et al., 2005) . Therefore, in samples where the phytoplasma DNA forms .1 % of the total DNA, the coverage of phytoplasma DNA is expected to be .10 times the coverage of the host nuclear DNA. An assembly pipeline (described in Methods) was developed that improved the relative amount of phytoplasma reads by selection of reads based on coverage estimates determined in a preassembly step. Reads were further selected by filtering on a dataset obtained from the Illumina sequencing of healthy periwinkle DNA that efficiently removed host organelle sequences with high coverage. As shown in Table 2 , this selection reduced the total number of contigs and enriched them in the phytoplasma sequence. Phytoplasma contig sorting could then be efficiently carried out by selection based on contig similarity with known sequences and reciprocal contig linkage. (Zerbino & Birney, 2008 ) with a cut-off value of 15. §Size of the dataset used for primary assembly, obtained with the reads selection procedure described in Methods. ||Number of simulated reads derived from the complete genome of AYWBp that remained after the selection procedure. Total number of contigs obtained in the assembly of the selected reads. # Number of contigs remaining after the post-assembly sorting procedure described in Methods. **Total sequence contained in the contigs assigned to AYWB. DDSequence that was not covered after contigs mapping on the complete genome of AYWB with MUMMER (Kurtz et al., 2004) . ddNumber of contigs that were not mapped on the complete genome of AYWB with MUMMER (Kurtz et al., 2004) .
The pipeline developed with simulated data was applied to assemble the genomes of four phytoplasma strains of the 16SrIII group, namely strains JR1p, MA1p, MW1p and VACp (named 16SrIII phytoplasmas below). The nucleic acid extracted from periwinkle plants infected by each strain was evaluated by real-time quantitative PCR to determine the relative amount of the pathogen DNA in each extract. Several samples were extracted, compared to select those with the highest percentage of phytoplasma DNA (Table 3) , and submitted to second-generation sequencing (Illumina).
Assembly of genome drafts for 16SrIII phytoplasmas and assessment of their protein complement (Table 4) . Reciprocal contig mapping using NUCMER (a script from the MUMMER package) showed that, despite their assignment to different 16Sr subgroups and differences in the symptoms displayed, all four genome drafts were highly similar, sharing .94 % identity of their DNA sequence along the length of the alignment (Table 5 ).
The protein complement of each of the four genomes resulting from a GLIMMER prediction comprised 529-650 putative proteins, depending on strain. To complete the protein complements, we developed a procedure (described in Methods) to rescue putative coding sequences directly from the reads dataset, exploiting the high similarity of the four genome drafts among themselves. Crossmapping the reads of one strain on the putative coding sequences of another strain generated consensus sequences that could be extended to reveal 20-36 additional putative coding sequence fragments per strain, roughly corresponding to 3-6 % of the total number of predicted proteins (Table 4 and Supplementary File 1).
Crossmapping led to the definition of new protein complements of the four genomes, which included 677, 650, 565 and 654 proteins for VACp, MA1p, MW1p and JR1p, respectively.
In addition, crossmapping was used to estimate the number of genes for each strain that were not included in the protein complement of genome drafts, allowing the general estimate that 4-10 homologue gene families per draft genome had remained undiscovered (Supplementary File 1) .
Comparison of the genomes of 16SrIII phytoplasmas with previously sequenced phytoplasma genomes
Comparison of the protein complement of 16SrIII phytoplasmas with those of AYWBp, OYp, APp and AUp using BLAST showed that as many as 271 homologue gene families were conserved in all eight genomes. Using the recently published summary of the protein repertoire encoded by the four fully sequenced phytoplasma genomes (Kube et al., 2012) as a guide, a comprehensive comparative gene table *N50 contig size is the value X in nucleotides such that at least half of the genome is contained in contigs of size X or larger. DN50 contig count is the number of contigs of size X or larger. dTotal number of predicted coding sequences as a sum of genes predicted by GLIMMER (Delcher et al., 2007) and genes rescued using BWA (Li & Durbin, 2009 ) and MAPSEMBER (Peterlongo & Chikhi, 2012 ).
was drawn (Table S1 ). In addition to the genes listed in Table  S1 , multiple comparison showed that about 20 homologue gene families with no function assigned were shared by all genomes, five of which encoded putative secreted proteins.
As the features of 'Ca. P. asteris' genomes have been reviewed recently (Kube et al., 2012) , the summary below focuses almost exclusively on the differences with those genomes.
The 16SrIII phytoplasmas lack an RmuC family protein but share a set of rec-dependent DNA recombination and repair systems, as has been found in 'Ca. P. mali' but in contrast to 'Ca. P. asteris' and 'Ca. P. australiense', with implications that are discussed elsewhere (Kube et al., 2012) .
As in the other phytoplasmas, 16SrIII group genomes contain several copies of DNA methylases. Also, there are numerous proteins similar to DNA integration host factor HimA; as these proteins were associated with potential mobile units (PMUs) (Bai et al., 2006; Kube et al., 2012) , it may be speculated that PMUs are as abundant as they are in 'Ca. P. asteris' strains (see below).
All 16SrIII phytoplasmas share transcriptional regulators (with similarity to the phage-related Xre family) and terminators (with similarity to the YlxR family of Gram-positive bacteria) that are not present in other phytoplasma genomes. None of the 16SrIII group strains has the restriction-modification system (hsd) putatively identified in OYM.
A major feature that characterized the four genome drafts was the complete absence of sequences encoding the Hsp60-type (GroEL/GroES) chaperone system, which has been postulated to be indispensable (Glass et al., 2006) . Only strain MA1p has a DNA fragment with the coding potential for a protein with similarity to GroEL; it is, however, a 250 nt fragment interrupted by the start of the coding sequence of the permease of a multidrug efflux pump; it contains one translation stop codon and it is therefore not likely to encode a functional protein. All 16SrIII phytoplasma genomes contain two clearly distinct paralogues encoding the heat-shock protein IbpA (Hsp20), which was not found in 'Ca. P. mali' and is present as a single copy in other phytoplasmas. Intriguingly, one of the two copies of the gene is similar to ibpA of 'Ca. P. asteris' and the other is similar to ibpA of 'Ca. P. australiense'.
According to our preliminary annotation the 16SrIII phytoplasma genomes did not encode an ABC-type methionine transport system. Moreover, as expected, the draft genomes did not encode an Amp-or Imp-type membrane protein, but rather a protein similar to the immunodominant membrane protein of the Western X disease phytoplasmas, named IdpA (Blomquist et al., 2001) . In addition, they displayed a protein with low similarity to the F1 lipoprotein of Mycoplasma agalactiae. No similarity of this protein to the VMP1 hypervariable protein of the stolbur phytoplasma (Cimerman et al., 2009 ) was recognized.
The 16SrIII group genome drafts displayed some 30 common homologue gene families with no homology in 'Ca. P. asteris' but with homologues in one or more of the other phytoplasmas (more in 'Ca. P. mali' than in 'Ca. P. australiense'), and at least 40 additional families that were specifically conserved in the 16SrIII group. Such gene families were predicted to encode proteins of unknown function, phage/ EcDNA-related proteins, peptidases/proteases, methylases/ methyltransferases, and proteins related to ABC transport. Furthermore, one homologous 16SrIII phytoplasma-specific gene family was found to encode a protein with similarity to a rhoptry protein of Plasmodium yoelii yoelii (gi23481286). Homology to rhoptry, a group of proteins released during host cell invasion by the intracellular parasites apicomplexans, has also been found in P80, an antigen of Mycoplasma hominis that is thought to be secreted by a novel, protease-assisted mechanism (Hopfe et al., 2004) .
Among the genes found in all four genomes drafted here we identified several gene fragments (six, 14, four and 10 in MA1p, JR1p, MW1p and VACp, respectively) encoding putative proteins with significant similarity to a central domain of the DotG/IcmE protein of Legionella spp. Although similar proteins have also been predicted in other phytoplasmas (Bai et al., 2006; Tran-Nguyen et al., 2008) , the similarity to DotG/IcmE of those found in the 16SrIII phytoplasma was strikingly high (a putative protein of VACp was 71.6 % similar and 53.3 % identical to accession no. E1Y0Z0 of Legionella pneumophila; Fig. S2 ).
In stark contrast to the core genome, the approximately 180 genes present in AYWBp, but not identified in any of the four 16SrIII group strains, mostly encode proteins of unknown function, a thiamine biosynthesis protein, an asparagine synthase, a dihydropteroate synthase, a pyrophosphokinase, genes classified as proteases, ABC transporter components, DNA-binding proteins, transposases and helicases, and the tengu effector. Several of the above are known components of PMUs (Bai et al., 2006) .
Differences among the genome drafts of the four 16SrIII phytoplasmas
In the revised comparison, 444 homologue gene families were shared by all four strains. The number of homologue gene families that were strain-specific or shared by some but not all strains are listed in Table 6 , grouped according Table 5 . Percentage identity among the DNA sequences contained in the assembled contigs of each strain over the length of the alignment
The length of the alignment is lower than the total length of the sequence in the contigs because contigs that did not align were excluded from computation.
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to their preliminary annotation. Differences were scored for the effectors SAP11, found only in VACp and JR1p, and for the effector SAP54, shared by MA1 and JR1. In both cases the orthologues were extremely well conserved, particularly downstream of the secretion signal (.85 % amino acid identity).
In summary, the 16SrIII phytoplasmas do not differ among themselves in genes controlling any essential metabolic function but rather in genes related to mechanisms of gene mobilization and transfer and to host interaction, namely membrane transporters, proteases/peptidases, methylases and some proteins of unknown function that can be tentatively associated with mobile elements (PMUs, EcDNAs, plasmids).
Secreted proteins
Using the method developed by Bai et al. (2009) we investigated the occurrence of secreted proteins (SPs) that may be released in the host phloem by the Sec transport system. We identified 46 putative proteins in JR1p, 42 in MA1p, 33 in MW1p and 38 in VACp that displayed a Sec secretion signal and not a membrane localization domain in the processed protein. These figures are lower than those found in 'Ca. P. asteris' (55 in AYWBp and 71 in OYp). The difference may be due, at least in part, to fragmentation of the genomes into contigs and the consequent truncation in the predicted translation products, which impeded the identification of the secretion signal.
We collected the sequence of the 368 putative SPs encoded by the eight phytoplasma genomes available (AYWBp, OYp, AUp, APp, VACp, JPp, MA1p and MW1p) and found that 67 SPs were strain-specific, while the other 301 were shared by at least two strains. With regard to the 16SrIII phytoplasmas, only six of the 159 SPs predicted in the drafts were strain-specific, 51 were shared only by 16SrIII phytoplasmas, while the large majority were conserved among the genus 'Ca. Phytoplasma'.
Sequence diversity
Examination of the protein complement of the genome draft of each strain revealed that several genes found only in one of the drafts had homology with genes of more distantly related phytoplasmas. For example, the VACp genome encodes a gene for a homologue of PAM_541 of OYp that is not found in any other of the eight genomes examined, and a methyltransferase that is shared only with AUp. The orthologous sequences were highly similar; in particular, PAM_541 was nearly identical (one singlenucleotide polymorphism in 736 nt) to its VACp homologue, strongly suggesting that these genes did not evolve independently but rather were horizontally transferred. In a wider investigation, close examination of the sequence Table 6 . Number of homologue gene families, subdivided into groups on the basis of their annotation, that were not shared among all four genome drafts differences revealed that the similarities among putative proteins within families did not always reflect phylogenetic order. As a case study, similarity scores between VACp and AYWBp orthologues in all multiple alignments were compared with those among the orthologues in the 16SrIII phytoplasmas. Twenty-five genes were found to be more similar between AYWBp and VACp than between VACp and any other of the 16SrIII phytoplasmas (Table  S2) , and were presumably shared between VACp and AYWBp due to horizontal gene transfer (HGT). They include nine hypothetical proteins predicted to be secreted. AYWBp being only one of the numerous possible donors, HGT should have been a major driving force in the evolution of phytoplasma genomes, with particular reference to potential effector proteins.
DISCUSSION
Phytoplasmas are totally recalcitrant to axenic cultivation and grow very slowly in the plant host, so the genome approach offers a unique opportunity to understand their key features by comparative analysis. Evidence suggesting the existence of variant strains that are characterized by a reduced virulence (Marcone et al., 2010; Oshima et al., 2001; Seemüller et al., 2011) makes us confident that a clearer picture of the molecular basis of phytoplasma virulence may emerge from multiple comparisons of the genomic characteristics of strains with different degrees of virulence. However, the application of large-scale comparative genomics to phytoplasmas is hampered by contamination of the sample by a large amount of host DNA. Methods that include time-consuming DNA purification (such as PFGE or CsCl gradients) are clearly inadequate for processing a relatively large number of samples. On the other hand, post-sequence processing of the data, with assignment of the contigs generated by the assembler, is affordable with standard computing equipment only with a limited number of relatively large contigs.
We have addressed the above issues and developed a multiple-step assembly method based on reads selection and contig filtration that proved highly efficient. We obtained genome drafts of relatively high quality (as demonstrated by the very low number of genes that were found to be missing in only one of the four drafts) from diagnostic/standard nucleic acid preparations. In addition we have developed a method based on reads crossmapping for direct rescue from the reads dataset of gene sequences that were not included or not predicted in the primary assembly. In the four drafts generated in this work, direct analysis of the reads dataset allowed the definition of protein complements that we have estimated to be nearly complete (4-10 genes missing per draft).
The results of comparative genome analysis showed limited differences in the housekeeping gene set between the 16SrIII phytoplasmas and the other polyphagous phytoplasmas previously sequenced. The results therefore support the view that the phytoplasmas originated by radiation from an ancestral organism that already had a reduced genome, as the same indispensable 300 gene functions are shared among distantly related phytoplasmas (Kube et al., 2008) . The sole relevant difference concerning the 16SrIII phytoplasmas relates to our inability to locate the genes encoding the GroES/GroEL chaperonin system. Given the completeness of the drafts and the failure to find either GroES or GroEL putative coding sequences in all four strains, the probability that the two genes were not discovered by chance is low. Nevertheless, further investigations are needed to confirm whether this phytoplasma group actually lacks this highly conserved function.
In addition to the common set, the 16SrIII phytoplasmas displayed an additional gene set, variable in composition, possibly shared among even phylogenetically distant phytoplasmas through HGT. In this study, HGT was found to affect not only gain of genes from distantly related strains but also polymorphism in orthologous genes, and may be a major driving force in shaping phytoplasma genomes during adaptation to different hosts.
The novel sequence information obtained in this work supports the notion that the abundance of proteins involved in proteolysis, DNA methylation, and inward and outward trafficking through the phytoplasma cellular membrane is a general rule in phytoplasma genomes. Notably, the 16SrIII phytoplasmas share a relatively large number of proteins with extensive similarity to a central domain of IcmE/DotG of Legionella pneumophila, an inner membrane-bound component of the core complex of the type IVB secretion system (T4SSB; Vincent et al., 2006) . The critical role of IcmE/DotG within the core structure, which is also conserved in the distantly related T4SSA of Agrobacterium tumefaciens (Vincent et al., 2006) , and the involvement of T4SS in plasmid conjugation systems and in adapted conjugation systems, suggest that further features of the phytoplasma interaction capabilities remain to be unveiled. IcmE/DotG homologues may play a direct role in effector delivery and membrane trafficking, but it is intriguing to hypothesize that the IcmE/DotG and rhoptry-like homologues that we detected in the 16SrIII phytoplasmas, together with several proteins that are presently annotated as phage/ plasmid-associated proteins, are part of an as-yet-undiscovered gene-sharing mechanism that grants access to a large, shared gene pool to organisms with a reduced genome, defining their host adaptation-driven evolutionary strategy.
Analysis of the draft sequences suggests significant differences with reference to the few proteins so far recognized as effectors. VACp and JR1p shared the effector SAP11 (Bai et al., 2009) , while the effector SAP54 was found only in MA1p and JR1p. Indeed, the two latter strains displayed much more pronounced symptoms of virescence and phyllody than the other strains, related to the effect of SAP54 (MacLean et al., 2011) . SAP54 and its homologues in MA1p and JR1p were highly similar, with very few amino acid differences, suggesting a unique origin of the phyllody-causing effector and its recent spread among distantly related phytoplasmas. The Italian Clover Phyllody phytoplasma, which has a very large host range (Osler et al., 1994) , has been reported in double infections with strains of 'Ca. P. asteris' (Firrao et al., 1996b) , which may have favoured horizontal transfer. Whether the difference in the severity of the virescence/phyllody symptoms could be ascribed to the minor amino acid sequence differences or to other factors remains to be established. Cettul & Firrao (2011) reported marked differences in the symptoms displayed by different Arabidopsis thaliana accessions infected with the same phytoplasma, as well as by the same accession infected by different phytoplasmas, suggesting that the affinity between the effectors and their target may play a role in determining the host response.
Conversely, an orthologue of the effector tengu could not be found in any of the four drafts, although all strains except MW1 showed clear symptoms of shoot proliferation, and VACp was characterized by dwarfism, suggesting that other effector(s) could be responsible for those growth disorders. Although there are relatively few proteins that are differentially displayed by strains presenting similar typical symptoms, the number of strains examined is still too limited to attempt a hypothesis of association. Nevertheless, this gene selection may provide the basis for future studies to clarify the origin of different symptoms such as small leaves, small flowers, general plant decline, and dwarfism.
